An endonuclease activity making single-strand breaks into depurinated and alkyiated DNA has been purified 500-fold from carcinogen-transformed mouse epidermal cells. The enzyme was active only at apurinic/apyrimidinic sites, regardless of whether they were produced by heating at an acidic pH or by alkylation with the ultimate carcinogen MeSO-OMe. The enzyme did not act on native DNA nor on ultraviolet-induced pyrimidine-dimers nor on steric distortions caused by modification of DNA with the carcinogen (Ac)-ONFln. The enzyme was active in the presence of 1 mM EDTA; however, at pH 7.4 optimal conditions were: 6 mM MgClo and 40-120 mM KC1 or 10-40 mM potassium phosphate. The enzyme eluted from hydroxyapatite, phosphocellulose and heparin-cellulose between 100-250 mM potassium phosphate but did not bind to DEAE-cellulose. Using four chromatographic steps the endonuclease was obtained free of exonuclease, demethylase and DNA glycosylase activity specific for DNA bases methylated with MeSOoOMe or MeNOUr. The molecular weight-was 31 000 -3000 as calculated from the diffusion coefficient (8.2 x 10" 7 cm /s) and the sedimentation value (2.7 S).
INTRODUCTION

The ability of mammalian cells to repair lesions induced in their DNA by chemical carcinogens is well established (1). Such lesions, if left unrepaired, might have the potential to transform normal cells into tumour cells (2-7).
DNA repair therefore appears to be important as a means of avoiding chemical carcinogenesis. Mammalian cells have been shown to eliminate most carcinogeninduced DNA damage by excision repair (1). This mechanism involves endonucleolytic cleavage near the damaged site, excision of the altered nucleotides, and gap filling and sealing of the termini (8,9). Evidence obtained from bacteria suggests that a multitude of chemically distinct DNA damage is handled by a limited number of repair endonucleases (10) (11) (12) (13) (14) . In the case of alkylationdamaged DNA, incision can be brought about essentially by three mechanisms: i) direct endonucleolytic cleavage near an alkylated site (15) , ii) spontaneous hydrolysisof 3-alkyl-adenine residues and 7-alkyl-guanine residues, resulting in apurinic sites which act as substrates for an apurinic acid endo-nuclease (16) , and i1i) the sequential action of a DNA glycosylase and an apurinic endonuclease (17) . Isolation of these repair endonucleases and determination of their substrate specificity is essential, in order to establish the existence of similar mechanisms in mammalian cells. The present communication describes the purification and some of the properties of an apurinic acid endonuclease from carcinogen-transformed mouse epidermal cells which is possibly involved in DNA repair. Mouse epidermal cells appeared to be an attractive enzyme source, because most cancers are of epithelial origin and mouse skin is one of the most thoroughly investigated carcinogenesis models (18, 19) . However, our knowledge concerning the DNA repair processes operating in this organ are still unsatisfactory. Since enzyme purification from normal mouse epidermis encounters technical difficulties, epidermal cells grown jui vitro appeared to be the enzyme source of choice. Still, growing normal mouse epidermal cells on a large scale is expensive and laborious (20) . Therefore, we decided to use malignantly-transformed mouse epidermal cells; these cells can be cultured in vitro on a large scale (21) . Furthermore, it has been shown in a previous comparative study that these malignant cells do not differ from normal ones in the extent of repair replication using either ultraviolet light (22) or (Ac)oONFln as DNA-damaging agents (Thielmann and Fusenig, unpublished (28, 29) .
DNA. PM2 DNA (unlabelled or 32 P-labelled, spec.act. 400 mCi/mol) was prepared according to Espejo et al. (24) . PM2 DNA was also labelled by nick translation using [ HJ dTTP essentially as described (25) to give a spec. (16, 26, 27) , were gifts from I. Witte of this Institute.
Enzymes. Bovine pancreatic DNase I (EC 3.1.4.5) was obtained from Worthington. E.coli DNA polymerase I (EC 2.7.7.7) and E.coli exonuclease III (EC 3.1.4.1) were gifts from Dr K. Geider, Max-Planck-Institut fUr Medizinische Forschung, Heidelberg. Ultraviolet endonuclease from M-luteus was a gift from R. Hecht of this Institute. E.coli 3-methyl-adenine-DNA glycosylase was partially purified from cell-free extracts using chromatography on DNAcellulose and DEAE-cellulose (30) .
Test for exonucleolytic activity. Exonuclease activity was measured by the release of acid-soluble radioactive material from [ HJ-labelled HSV DNA. The reaction mixtures (20/jl total volume) contained 2.4 nmol DNA and 4 ;jl of apurinic acid endonuclease (fraction VI) in 30 mM potassium phosphate, 0.1 mM EDTA, 4 mM MgClp and 10 % glycerol at pH 7.4. The reaction was allowed to proceed for 45 min at 37 °C before being terminated by the addition of 100 y] carrier (5 mg/ml bovine serum albumin) and 500 JJI of ice-cold 7 % trichloroacetic acid. After chilling for 10 min, the samples were centrifuged (5 min at 9000 x g); 500 pi aliquots of the supernatants were counted in 2.5 ml Scintigel (Carl Roth KG, Karlsruhe) using a model 2450 Packard Tri-Carb scintillation spectrometer.
Preparation of substrates for endonuciease test.
Heat/acid treatment of PM2 DNA for introduction of apurinic sites. Heatinduced depurination/depyrimidination of PM2 DNA was performed essentially according to Teebor and Duker (31) . Briefly, DNA was heated in 90 mM sodium citrate, and 20 mM NaCl, pH 5.3, at 70 °C, chilled, and adjusted to pH 7.4 by the addition of 2 vol. of 200 mM Tris-HCl and 1 mM EDTA at pH 8.1. Under these conditions 0.086 alkali-labile (i.e. apurinic) sites per rain per PM2 molecule were introduced. This number was determined using alkaline sucrose gradients (32) . After dialysis for 3 h at 4 °C against 10 mM Tris-HCl, and 1 mM EDTA, pH 7.4, the DNA was used immediately.
Reaction of PM2 DNA with carcinogens. PM2 DNA (6 nmol) was allowed to react in 100 fil buffer (40 mM potassium phosphate, 20 mM NaCl, 2 mM sodium acetate at pH 7.4) with MeS0 2 0Me or (Ac) 2 ONFln (200-fold or 55-fold molar excess respectively over DNA nucleotides). The carcinogen solutions were al-D ways freshly prepared; (AcJ-ONFln was solubilized in Cremophor EL /dimethyl sulfoxide (1/1). The final concentration of dimethyl sulfoxide did not exceed 2.5 % in the assays. After incubation at 37 °C for 45 min, the modified DNAs were used immediately.
Determination of endonuciease activity. The standard reaction mixture (total volume 20 |jl; 13 mM potassium phosphate, 1 mM EDTA, 15 % glycerol at pH 7.4) contained 0.3 nmol heat/acid-treated, ultraviolet-irradiated or carcinogen-modified PM2 DNA and 5-15 pi of column fractions. After 45 min at 37 °C, the reaction was stopped with 10 pi of 10 % sodium dodecyl sulfate. Bromophenol blue marker was added (5 pi of a 0.04 % solution) together with glycerol (10 pi); covalently closed circular PM2 DNA was then separated from the nicked form by agarose gel electrophoresis.
Gel electrophoresis. DNA samples were run in 0.9 % agarose gels at room temperature for 15 h at a constant voltage of 60 V, stained with ethidium bromide and photographed as described (33) .
Evaluation of the gels. Photographs were traced with a Joyce-Loebl microdensitometer in order to obtain the relative quantities of the respective bands. The peak areas were determined using a MOP-AM 03 integrator (Kontron MeBgerate GmbH, Eching, Germany Fed. Rep.). Endonuclease activity is expressed by the number of enzyme-catalyzed breaks per PM2 molecule. The latter was calculated from the fraction of molecules which contained no breaks (a) Enzyme purification. All purification steps were carried out at 4 °C. Apn proximately 10 PDV cells were grown to subconfluency, were washed twice with buffer A at pH 7.4, and scraped off the surface with a rubber policeman into 25 ml of buffer A. The suspension was sonified 20 times for 20 s with a Branson sonifier at a peak amplitude of 5 A. The sonicate was centrifuged for 90 min at 105 000 x g and the supernatant (fraction I, 23 ml) was passed through a DEAE-cellulose column (0.9 x 18 cm) pre-equilibrated with buffer A. The proteins were eluted with 54 ml of buffer A (fraction II), diluted with 1.5 vol. of 20 mM Tris-HCl, 1 nfi 2-mercaptoethanol and 10 % glycerol at pH 7.4, and applied to a hydroxyapatite column (0.9 x 18 cm) pre-equilibrated with buffer C. After washing with 4 vol. of buffer C, enzymic activity was eluted with a linear gradient of 20 -700 mM potassium phosphate in buffer C (total volume 240 ml). Fractions of 3 ml were collected and tested. Active fractions (fractions 8-20, 150-250 mM potassium phosphate) were pooled (fraction III, 38 ml), diluted with 3 vol. of 1 mM EDTA and 1 mM 2-mercaptoethanol, and loaded onto a phosphocellulose column pre-equilibrated with 3 vol. of buffer B. A linear gradient (50-700 mM potassium phosphate in buffer B) was applied after washing with 8 vol. of buffer B. Fractions (3 ml each) containing endonuclease activity with MeSO-OMe-treated PM2 DNA (fraction 6-25; elution between 150-250 mM potassium phosphate) were combined (fraction IV, 58 ml).
Fraction IV was diluted with 3 vol. of 1 mM EDTA, 1 mM 2-mercaptoethanol and applied to a heparin-cellulose column (0.9 x 18 cm) pre-equilibrated with the same buffer. Washing with 4 vol. of buffer B was followed by elution with a linear gradient (50-700 mM potassium phosphate in buffer B, total vol. 200 ml). Fractions of 3 ml were collected and tested. Activity with MeS0 2 0Me-treated DNA was found in fractions 5-18, eluting between 100-250 mM potassium phosphate (fraction V). Twenty ml of fraction V were further purified after dilution with 3 vol. 1 mM EDTA, 1 mM 2-mercaptoethanol, using a carboxymethyl-DNA-cellulose column (0.9 x 18 an) pre-equilibrated with buffer B. After washing (4 vol. of buffer B), enzymic activity was eluted with a linear gradient of 50-1200 mM potassium phosphate in buffer B (total volume 38 ml). Fractions of 3 ml were collected. The main activity with MeS0 2 0Me-treated DNA was found in the fractions eluting between 100-300 mM potassium phosphate. These fractions were combined and stored with 50 % glycerol at -20 °C (fraction VI, 9 ml).
RESULTS
Purification of an endonuclease acting on MeSOgOMe-treated DNA. Approximately 10 malignant mouse epidermal cells were grown to subconfluency, homogenized by sonication, and centrifuged (105 000 x g) to yield a crude extract (fraction I). DNA was then removed by chromatography on DEAE-cellulose (fraction II). Assays were performed on column eluates using MeS0 2 0Me-treated DNA as substrate. Subsequent elution from hydroxyapatite enabled a topoisomerase to be separated from the endonuclease activity (fraction III). Further purification of the endonuclease was achieved by chromatography on phosphocellulose (fraction IV) and heparin-celluiose (fraction V). Residual nonspecific endonuclease(s) acting in the presence of 6 mM MgCK was removed using carboxymethyl-DNA-cellulose for chromatography (fraction VI). The procedure summarized in Table 1 only 50% of fraction V were used for the last chromatographic step. Substrates for endonuclease activity.
Activity towards heat/acid-treated PM2 DNA. PM2 DNA containing 0.86 apurinic sites per molecule was prepared and incubated with increasing amounts of 1 2 3 Fraction VI (yl/assay)
Apurirtc srtes/PM2 DNA molecule Fig. 4A shows that enzyroic activity increased until 2/JI of fraction VI were added. A further increase beyond this amount did not result in a higher yield of breaks. This contrasts with the activity of the ultraviolet endonuclease from M.iuteus which was not saturated by increasing amounts of the same substrate (Fig. 4B) .Tfns means that the apu- Activity towards (Ac).,ONFln-treated DMA. PM2 DNA was reacted with the ultimate carcinogen (Ac)pONFln as described in Methods. Approximately 500 N^-2-fluorenylacetamido residues were fixed per DNA molecule by this procedure; at the same time 1.3 alkali-labile sites were introduced (32) . The substrate was incubated with increasing amounts of fraction VI. Fig. 5 shows that addition of up to 3 ul of fraction VI clearly enhanced the frequency of enzyme-catalyzed breaks. With further addition of enzyme the activity seemed to level off at 0.8 breaks/PH2 molecule. Since approximately 500 ^-2-fluorenylacetamido residues were present per PM2 molecule, it is concluded that the enzyme does not recognize these chemical alterations. Two further modifications known to be present in small amounts in (Ac^ONFln-treated double-stranded DNA could be substrates for fraction VI, namely 2-acetylaminofluorenyl residues bound to N -H of guanine (42) or alkali-labile (i.e. apurinic) sites (32) . On the basis of the previous results it appears likely that fraction VI recognized apurinic sites in (Ac) 2 ONFln-treated DNA. Substrate specificity of the endonuclease. [ HJThyroine-label led methylated PM2 DNA was partially depurinated by incubation for 3, 6, and 9 h at 50 °C (43). To determine whether or not endonuclease activity was restricted only to apurinic sites, these DNA substrates were incubated with saturating amounts of fraction VI. After incubation, residual apurinic sites which might have withstood enzymic attack were converted to single-strand breaks by treatment with NaOH, and DNA was denatured. DNA was then precipitated by trichloroacetic acid and the acid-soluble radioactivity determined. No increase in acid-soluble radioactivity was found when partially depurinated DNA labelled with I Hjthyraine was incubated with the endonuclease instead of with buffer alone (Fig. 6; lower line) . These results suggest that all enzyme-catalyzed breaks were introduced at apurinic sites. Additional control experiments were performed in which the same DNA substrates were incubated with a 3-methyl-adenine DNA-glycosylase preparation from E.coli, and subjected to treatment with NaOH. Fig. 6 shows that the amounts of trichloroacetic acid-soluble radioactivity were clearly increased (upper curve) under these experimental conditions. The increase appears to be due to enzymecatalyzed hydrolysis of m Ade residues from double-stranded DNA, creating an additional number of apurinic sites which in turn give rise to strand breaks on NaOH treatment.
Direct test for DNA glycosylase activity. [ HJMe 2 S0 4 -treated calf thymus DNA was incubated with fraction VI (or with an E.coli 3-methyl-adenine glycosylase preparation as a positive control) and the methylated DNA bases released were at first measured in the ethanol-soluble supernatant, and further analyzed by chromatography on Aminex A-6 (Fig. 7) . Whereas the E.coli enzyme preparation released 18 % of the total DNA-bound radioactivity as m Ade (an amount which is identical with that of ra Ade residues in Me ? S(L-treated 3 DNA (44)), no m Ade was released by the apurinic endonuclease (fraction VI) above the background level of the enzyme-free control. Likewise, neither enzymic release of other methylated bases, nor of nucleotides nor of radioactive methanol could be detected. The same result was obtained using [ HJMeNOUrtreated calf thymus DNA as substrate (data not shown). These results suggest that fraction VI was free of exonuclease, deroethylase and DNA glycosylase activity specific for DNA bases methylated with MeSOoOWe or MeNOUr. 
DISCUSSION
For enzyme purification malignant mouse epidermal cells were sonicated and centrifuged (105 000 x g) to yield a crude extract. This extract was freed from DNA by passage through DEAE-cellulose using 250 mM NaCl for elution. The fractions which were found active with MeS0 2 0Me-treated PM2 DNA were further purified by chromatography on hydroxyapatite, phosphocellulose, heparin-cel-lulose and carboxymethyl-DNA-cellulose, from which materials the activity eluted between 100-250 mM potassium phosphate. The chromatographic steps applied led to an approximately 500-fold purification of an activity (fraction VI) that cleaved MeS0 2 0Me-treated and heat/acid-treated, i.e., depurinated DNA. Fraction VI was shortened inactive with native double-stranded DNA both in the presence and the absence of 6 mM Mg* 4 . Neither pyrimidine-dimers nor covalently attached JJ-2-fluorenylacetamido residues were recognized by the enzyme, as ultraviolet-irradiated and (AcUONFln-treated DNAs were nicked only to extents which roughly corresponded to the amounts of alkali-labile sites present in the respective DNA species (F1g. 5). It was also shown that apurinic sites present in double-stranded DNA were the only substrates for the endonuclease preparation (Fig. 6 ).
Enzymes with similar substrate specificities have been isolated from a number of procaryotes (45) Further testing revealed that the present enzyme was free of exonuclease, like the eukaryotic endonucleases known until now, that are specific for apurinic sites (47) (48) (49) (50) 55, 57) . It was also free of demethylase (56) and DNA glycosylase activity specific for DNA bases methylated with MeS0 2 0Me or MeNOUr.
In a direct test for DNA-glycosylase activity, showed furthermore that fraction VI did not liberate ra Gua.
Using the Svedberg formula, the molecular weight, of the enzyme was calculated to be 31 000 -3000 daltons as derived from the diffusion coefficient its chromatographic behaviour (48,49) . All three enzymes elute from phosphocellulose between 50-250 mM gradient salt and do not bind to DEAE-cellulose. Thus, the isoelectric point of these enzymes is at alkaline pH.
Our enzyme is certainly not identical with the endonucleases specific for ultraviolet-induced pyrimidine-dimers, which apart from their different substrate specificity are of considerably smaller size (12,61,62) . With regard to its biological function, it 1s reasonable to assume that the enzyme plays a role in the excision repair of depurinated DNA, irrespective of whether this depurination might be spontaneous (63) or alkylation-induced (43). Since these investigations revealed that an apurinic acid endonuclease is present in mouse epidermis, the yield of skin tumours obtained by topical application of alkylating carcinogens can be considered to represent the net balance between DNA-damaging and damage-removing processes. Similar considerations could prove correct for mouse epidermal cells cultivated in vitro. Thus it can be envisaged that the enzyme described in the present work contributes to the resistance of mouse epidermal cells cultivated in vitro against malignant transformation by alkylating carcinogens (21) . Further experiments, however, would be required to relate the repair enzymic activities of these cells to the process of carcinogenesis on a quantitative basis.
